ABSTRACT. Roxithromycin is a poorly soluble antibacterial drug. The aim of this study was to prepare and characterize an amorphous form of roxithromycin. The amorphous form was prepared by desolvation of its chloroform solvate, and by quench cooling a melt of the crystalline monohydrated solid. The X-ray powder diffraction pattern of the desolvated chloroform solvate was indistinguishable from that of the glass prepared by melting, which indicated that it was amorphous. The roxithromycin glass was determined to be a fragile glass, but due to its high Kauzmann temperature (approximately 8°C), it should remain fairly stable upon refrigeration or even at room temperature. It was also determined that this glass remains stable in the presence of moisture with no indication of crystallization.
INTRODUCTION
Roxithromycin is a semi-synthetic 14-membered-ring macrolide antibacterial drug, and it is clinically used for the treatment of respiratory infections caused by Gram-positive and Gram-negative cocci and bacilli, and a variety of other atypical microorganisms (1) (2) (3) . The chemical structure of roxithromycin ( Fig. 1) is modified from that of erythromycin, such that it has improved stability in acidic media and an improved pharmacokinetic profile (1) . However, the macrolide group of drugs is poorly water soluble, with the solubility ranging from 2 mg mL −1 for erythromycin to 0.1 mg mL −1 for azithromycin (4) . Roxithromycin (monohydrate) is poorly water soluble (it is even less soluble than azithromycin), and an improvement in its solubility could result in an improvement in its bioavailability (5) .
It is known that amorphous solids have an increased free energy, which results in an enhanced solubility when compared with crystalline solids (6) . However, the increased free energy also results in a decrease in the physical and chemical stability of amorphous solids, especially when exposed to increased temperature and moisture (7) . This means that if an amorphous solid of roxithromycin can be prepared, it could result in an increase in the solubility and bioavailability of this drug (bearing in mind the effect on stability). Three methods have previously been used to prepare a more soluble solid of roxithromycin, including homogenization, freeze and spray drying (5) . Two other methods that might also be used to prepare an amorphous form include supercooling of the melt and desolvation of a solvate (7, 8) . The melting and quenching method of preparing an amorphous solid is not always feasible since it exposes the solid to high temperatures which might adversely affect the stability due to possible degradation. However, during desolvation of a solvate, the loss of the solvent from the crystal structure occurs at a temperature lower than the melting point of the solid, and this results in the collapse of the crystal lattice with the formation of an amorphous solid (9) .
Both acetonitrile and water (monohydrate) solvates of roxithromycin have been reported previously, however little is known about the solvated form obtained through crystallization with chloroform and the nature of the solid that forms after desolvation of this solvate (10) . In this study, we report the preparation of a chloroform solvate of roxithromycin, and show that desolvation of this solvate results in the formation of a stable amorphous form of roxithromycin. The stability of this desolvated solid was also compared with the roxithromycin glass prepared by fusion and quenching.
MATERIALS AND METHODS

Materials
Crystalline roxithromycin (believed to be the monohydrate due to a moisture content of 2.06% according to its certificate of analysis (11); Fig. 1 ) was purchased from Alembic Ltd. (Vadodara, Gujarat, India), and chloroform was purchased from Fischer Scientific, Fair Lawn, NJ. Milli-Q water with a resistivity of 18.2 MΩ cm was used throughout this study where mentioned, and all other reagents were analytical grade.
Preparation of Roxithromycin Solid Forms
The chloroform solvate of roxithromycin was prepared by recrystallization of the raw material from chloroform. Approximately 15 g of roxithromycin was added to 200 mL of chloroform while stirring continuously and heating the solution to approximately 60°C. The beaker containing the resulting solution was covered with Parafilm®. After slow evaporation of the chloroform, a dense mass was obtained. This mass was dry but tend to stick to the surfaces of containers. The desolvated solid was prepared by placing the chloroform solvate in a vacuum oven (VWR model 1410, West Chester PA) at room temperature for 24 h, with a vacuum of 1.3 kPa. The roxithromycin glass was prepared by melting the raw material on a glass microscope slide, with a hotplate at approximately 120°C, and subsequently quenching it to room temperature on an aluminum block.
HPLC Analysis of Roxithromycin Solid Forms
HPLC assays were performed on roxithromycin raw material, the chloroform solvated and desolvated form as well as the glass form. The mobile phase used consisted of 30 g/L ammonium dihydrogen phosphate buffer, pH adjusted to 5.3 with sodium hydroxide solution. The buffer phase was mixed with acetonitrile in the ratio 60:40. A Luna C18 150×4.6 mm column was used with a flow rate set to 1.0 mL/min and a wavelength of 205 nm. Validation of this method provided a linear regression (R 2 ) of 0.9998.
Characterization of Roxithromycin Solid Forms
Thermal techniques, including differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA), as well as X-ray powder diffraction (XRPD) were used to characterize the various solid states of roxithromycin. The chloroform solvate was blotted on a piece of filter paper to remove any chloroform that might be left on the surface, prior to analysis. In order to obtain the roxithromycin chloroform desolvated form, the chloroform solvated form was desolvated under vacuum prior to analysis. A TA Instruments DSC Q2000 (for DSC analyses) and an SDT Q600 (for TGA) with Universal TA Analysis 2000 software (New Castle, DE) were used for all the thermal analyses. Approximately 4-5 mg of each sample was placed in an aluminum pan and either hermetically sealed with an aluminum lid (DSC analyses) or left uncovered (TGA analyses). For the roxithromycin chloroform solvate, approximately 4-5 mg of sample was weighed into an aluminum pan and dried under vacuum of 1.3 kPa at ambient temperature for a period of 24 h. Samples were scanned at a heating rate of 10°C.min −1 (unless otherwise stated) from 25 to 140°C for both DSC and TGA analyses. The purge gas was nitrogen, and it had a flow rate of 50 ml min −1 for DSC analyses and 100 ml min −1 for TGA analyses. XRPD patterns were recorded using a Bruker D8 Advance diffractometer (Bruker, Germany), fitted with a Linxeye™ one-dimensional detector, and the data were analyzed using the Eva software package. The instrumental setup was as follows: voltage, 40 kV; current, 40 mA; radiation source, Cu; divergence slit, 1 mm; anti-scatter slit, 0.1 mm; detector slit, 0.1 mm; scan range, from 2°to 40°2θ, scan speed, 0.4°2 θ min −1 with a step size of 0.02°2θ and a step time of 3.0 s. Approximately 10-20 mg of the chloroform solvated form were weighed onto an aluminium sample holder and dried under vacuum of 1.3 kPa at ambient temperature for a period of 24 h, prior to XRPD analysis.
Solid-State Transformation During Desolvation
The stability of the roxithromycin-chloroform solvate was studied with increasing temperature, by placing approximately 50 mg of the solid in an aluminum sample holder, and keeping the sample at a constant temperature for 12 h (starting at 25°C) using a VWR oven (model 1410, West Chester PA). After the allotted time, the sample was subjected to XRPD analyses, after which the temperature was increased by 10°C and the sample aged at this new temperature, and again analyzed using XRPD. This process was repeated until the temperature reached 85-95°C, at which point the sample melted, to form the amorphous solid.
Effect of Moisture on Amorphous Roxithromycin
The effect of moisture on the amorphous form of roxithromycin was also studied. Roxithromycin glass samples containing 1-15% (w/w) water were prepared by weighing equal amounts of the roxithromycin glass followed by the addition of known quantities of water. The samples were then thoroughly mixed, for a period of 5 min, using a mortar and pestle followed by subsequent DSC analyses at a heating rate of 10°C min Vapor sorption studies were also performed on the amorphous sample and the crystalline raw material, by placing approximately 25 mg of powdered sample in a platinum-plated quarts weighing bowl and measuring the vapor sorption and desorption using a TA Instruments TGA Q5000 SA with Universal TA Analysis 2000 software (New Castle, DE). Samples were held at 25°C whilst the humidity was sequentially increased from 0 to 90% relative humidity (RH), with a 10% RH increase between each successive step. Samples were held at each step until no significant weight change, defined as a weight change of less than 0.0005 mg within 240 min, was detected.
The effect of moisture and temperature on these samples was also visually studied by preparing two samples of the roxithromycin glass on a microscope cover glass. One sample was placed in a desiccator at 50°C containing CaSO 4 (0% RH), and the other in a desiccator at 50°C containing a saturated solution of NaCl (75% RH). Each sample was observed over 18 days for the presence of possible crystal growth using an optical polarizing microscope (Lomo, Northbrook IL) with an attached camera (Ken-A-Vision, Kansas City MO).
Scanning electron microscopy (SEM) images of the crystalline raw material, the chloroform solvate and the glass were also gathered in order to observe possible morphological differences between the samples. For SEM, samples were coated with a layer of gold/palladium using an Eiko engineering ion coater IB-2 (Eiko Engineering, Ibaraki, Japan), and were subsequently imaged using a field-emission environmental SEM (Quanta 200 ESEM, FEI Corporation, Hillsboro OR, USA).
RESULTS AND DISCUSSION
Characterization of the Roxithromycin-Chloroform Solvate DSC analyses (Fig. 2) showed that the onset temperature of the crystalline raw material was 116.2°C, which suggested that it was the monohydrate, since its melting onset temperature is 114.5°C (10) . In addition, the moisture content of the raw material was 2.06%, which agrees with the theoretical moisture content of 2.11% for the roxithromycin monohydrate. The X-ray pattern of the raw material also agreed with that reported for the monohydrate (10) .
Amorphous solids tend to exhibit characteristics, i.e., improved solubility which could result in improved bioavailability in comparison with their crystalline counterparts (7), previously, various techniques have been used to prepare amorphous solids of roxithromycin, which include freeze and spray drying (5). Since it is also possible to prepare an amorphous phase by desolvation of a solvate (8, 12) , it was decided to prepare an amorphous form of roxithromycin using this technique, and compare this with the amorphous solid prepared by fusion and quenching. Roxithromycin is known to form solvates with acetonitrile and water (a monohydrate) (10) . For this study, chloroform was chosen as a possible solvent for the preparation of the solvate since it has a low boiling point (60.5-61.5°C), which would enable desolvation to occur at low temperatures, avoiding unnecessary exposure of the solid to high temperatures. Thermal analyses confirmed that the solid that recrystallized from chloroform was indeed a solvate. TGA analysis showed a weight loss of 6.04% (Fig. 3 ), which agreed with the theoretical predicted weight loss of 6.66% for a roxithromycin-chloroform solvate with a stoichiometry of 2:1 (roxithromycin/chloroform). As seen in Fig. 2 , only one endothermic peak is observed in the DSC thermogram of the chloroform solvate; however, this peak has two steps with two different onset temperatures. The first onset temperature is at 57.1°C and the second onset is at 67.1°C. This phenomenon (a broad endotherm with two onset temperatures) was also previously observed for the triamcinolone Fig. 2 . The DSC thermograms of the roxithromycin raw material, chloroform solvate, glass, and desolvated solid, with the corresponding onset temperatures for the endothermic peaks of each thermogram. The DSC thermograms of the glass and the desolvated solid were increased in scale (the demarcated area) in order to clearly show the T g acetate-methylene chloride solvate (13) . It is assumed that the first onset temperature, which is closer to the boiling point of chloroform than the second onset, corresponds to the desolvation temperature of the solid, whereas the second onset temperature corresponds to the glass transition temperature (T g ) for the resultant amorphous solid that formed after desolvation. However, this T g is lower than that of the amorphous solid prepared from melting, and it is suggested that the presence of chloroform in the solvate has a plasticizing effect, resulting in a lowering of the T g . The X-ray powder diffractograms for the various roxithromycin solids studied in this investigation are shown in Fig. 4 . It is noticed that the diffraction pattern of the roxithromycin raw material (monohydrate) and chloroform solvate are different, with the raw material being more crystalline in nature due to the higher number of high intensity diffraction peaks compared with the chloroform solvate. In addition, the raw material has unique diffraction peaks at 9.93°, 11.78°, and 14.63°2θ, whereas the chloroform solvate has unique peaks at 6.59°, 7.58°, and 10.97°2θ. It was shown that the crystal structure of the roxithromycin monohydrate consists of channels filled with the solvent, and various solvates of roxithromycin can be formed by solvent exchange with the solvent already in these channels (10) . When this solvent exchange takes place to form a new solvate, it does not significantly alter the X-ray diffraction pattern of the newly formed solid (10) . Complete desolvation (dehydration) of the monohydrate in a vacuum oven also did not change the X-ray diffraction pattern, indicating that the crystal structure remained intact when the solvent was removed from the channels. This is thus an example of the formation of an isomorphic desolvate (14) . Since the X-ray patterns of the raw material (monohydrate) and chloroform solvate show no agreement, it is suggested that the chloroform solvate does not have this channel structure. In addition, on desolvation, the X-ray diffraction pattern of the chloroform solvate resembles that of the amorphous solid (Fig. 4) . Thus, during desolvation, the crystal lattice of the chloroform solvate collapses to form an amorphous solid. 
Roxithromycin-Chloroform Desolvation Kinetics
Since a change in crystallinity of the chloroform solvate was observed on desolvation, two methods based on DSC and TGA analyses were used for studying the kinetics of desolvation of the roxithromycin-chloroform solvate. Firstly, four samples of equal size were analyzed at four different heating rates (3, 5, 7 , and 10°C min −1 ) using DSC analyses. A Kissinger plot (Fig. 5a) was constructed using the first onset temperature observed with DSC analyses, as this was previously determined to be the temperature of desolvation. The activation energy (E a ) of desolvation was calculated from this linear (R 2 =0.9963) plot, and was 181.6 ± 7.8 kJ mol −1 , with the pre-exponential factor (ln A) equal to 66.8±12.8. It should be mentioned that the Kissinger method normally makes use of the peak maximum of the DSC endotherm for constructing of the plot (15) . However, since the desolvation peak and transformation peak values are indistinguishable from the DSC thermograms of this solvate, the onset temperatures were used. Furthermore, the Kissinger method is a model-free method and does not require the assumption of a specific model for the calculation of E a (16) . The use of the Kissinger method enables the determination of activation energy (E a ), without taking into account the mechanism that result in the transformation. Since the Kissinger method assume constant activation energy (E a ) values and does not allow calculation of E a at progressive α values, this method cannot detect complexities within the reaction being measured (16, 17) .
To validate this approach a second thermal analytical technique (18) was used to determine the activation energy, in order to compare the results obtained. Flynn and Wall (19) first proposed this method. Four samples of approximately equal weight were analyzed using TGA, at heating rates of 3, 5, 7, and 10°C min −1 respectively (Fig. 5b) . The temperature, corresponding to a weight loss from 2 to 9%, was determined for each heating rate. Plots of the logarithm of the heating rate vs. the reciprocal of these temperatures yielded straight lines with a mean R 2 of 0.8960±0.0442. The linear lines drawn from the corresponding temperatures at weight losses of 4, 5, and 6% were the most parallel compared with the other lines. The activation energy of desolvation was thus calculated from the slopes of these three lines, and yielded an average value of 217.7± 27.5 kJ mol −1 , with the average ln A calculated to be 84.0±10.9. It is noticed that the E a calculated using this method is greater compared with the value calculated from the Kissinger plot. A possible explanation for this could be the fact that the Kissinger plot was constructed using the onset temperatures of the DSC endothermic peaks instead of the peak values. However, statistically the E a values and ln A values for these two methods were not significantly different (p>0.05).
Comparison of Desolvated and Amorphous Roxithromycin
In order to determine if the solid formed after desolvation of the roxithromycin-chloroform solvate was in fact amorphous, its XRPD pattern and DSC thermogram was compared with that of the glassy roxithromycin, prepared by fusion and quenching. SEM and microscopy images of the solids were also compared with that of the crystalline raw material (Fig. 6a-d) . It is seen that the surface of the raw material has a striated appearance, which is assumed to be the solvent channels (Fig. 6a) , whereas the chloroform solvate (Fig. 6b) has a smooth surface, indicating a lack of any channels (10). The amorphous solid (Fig. 6c) does not have a specific morphological shape, but it does show the appearance of air bubbles. The X-ray diffractogram of the desolvated solid and the glassy roxithromycin are shown in Fig. 4 , and it can be seen that both patterns have the characteristic amorphous halo appearance with no high intensity peaks (Fig. 4) . XRPD analyses of a chloroform solvate sample exposed to increasing temperatures indicated that the crystalline-to-amorphous transformation (because of desolvation) occurs between 55 and 65°C. This agrees with the temperatures of desolvation observed with DSC analysis (Fig. 2) . This crystalline-to-amorphous transformation during desolvation occurs due to the collapse of the crystal structure, as was also observed for the solvates of erythromycin (another 14-membered macrolide antibiotic drug) formed from organic solvents (2) .
To compare and characterize the two amorphous solids further, DSC analyses were performed on the desolvated and glassy solids (Fig. 2) . A T g at 76.7°C was observed for the amorphous solid prepared by melting and cooling. Since no other recrystallization or melting peaks are observed, the glass is thus considered to be a supercooled liquid above T g and a glass below T g , and this DSC thermogram is similar in appearance (except for the value of T g ) to that of amorphous erythromycin (20) . The thermogram of the desolvated solid shows a glass transition with the onset temperature of the T g at 77.7°C. Although the shape of the glass transition step differs from Fig. 5 . a The Kissinger plot constructed using the onset temperatures of desolvation, obtained from DSC analyses. b The TGA weight loss curves and an example of the 6% weight loss data points used for constructing the log heating rate vs. 1/T plots for calculating E a of desolvation that obtained with the glass prepared through fusion and quench cooling, the glass T g of the quenched cooled glass and the desolvated solid still indicate similarity. It is worth noting that an amorphous form with different short-range order could be obtained through the desolvation of a solvate with comparison to an amorphous form obtained with quench cooling of the melt. The results obtained from the XRPD and DSC analyses, confirm that indeed an amorphous solid is formed after desolvation of the chloroform solvate. Furthermore, it should be noted that after cooling of the desolvated form and subsequent reheating, a similar step change with a similar T g was obtained. The chemical stability of the amorphous desolvated form was confirmed through HPLC analysis. The analysis proved that roxithromycin remained stable after the desolvation process. Although no residual solvent analysis was performed in order to determine if any chloroform was still present after desolvation this should be considered and should be investigated further, especially in future studies that might involve product formulation.
Characterization of Amorphous Roxithromycin
The amorphous form of roxithromycin, prepared by melting and quench cooling, has not been described in the literature. In this section some properties of the glassy roxithromycin is described. These include T g , the fragility parameter (m), the strength parameter (D) and the zero mobility temperature (T 0 ). The Kauzmann temperature (T 0 ) is often defined as the temperature of zero molecular mobility, and is the temperature where the glass is probably physically and chemically most stable (7) . It should however be noted that the T 0 is actually the temperature of zero mobility of an ideal glass and in a strict sense this is not possible. However, the T 0 could still be considered as a guide to determine a temperature where the glass will indicate physico-chemical stability. Furthermore, it should be considered advantageous to conduct extensive studies in order to determine the accurate storage temperature of a glass. D is an indication of the fragility of the glass, where low D values (<10) are indicative of fragile glasses and glasses with D>100 are classified as strong glasses (7). When heated, strong glasses maintain their structure and have a gradual loss in rigidity at the T g , whereas fragile glasses have a sudden structural change at T g (12) . This means that fragile glasses will have a large change in heat capacity (ΔCp) at T g , whereas the ΔCp of strong glasses are often undetectable with standard calorimetric techniques (7). The relatively large ΔCp of 295.2 J K −1 mol −1 for amorphous roxithromycin, suggests that this is a fragile glass, however further analyses was done in order to confirm this.
The fragility can be determined by measuring the temperature dependence of viscosity above T g and by applying the Vogel-Tammann-Fulcher equation (Eq. 1):
where η 0 is assumed to be 10 −5 Pa s for normal liquids, and T 0 (the ideal glass transition temperature) is between 20 and 50°C Fig. 6 . SEM photos of a the roxithromycin raw material, b the roxithromycin-chloroform solvate, and c the amorphous solid. d Microscopy images of the glassy solid exposed to 50°C; 0% RH and 50°C; 75% RH, indicating the absence of crystallization after 18 days of exposure to these conditions. The arrow in (a) indicates the presence of the solvent channels in the raw material (monohydrate), and the arrows in (c) and (d) indicate the presence of air bubbles in the amorphous solid which could increase its porosity lower than the measured T g (12,21,22) . The fragility parameter (m) can be defined as:
and thus
where ΔHη* is the activation enthalpy for viscous flow and R is the gas constant (21, 23, 24) . Using Eqs. 1-3, the following relationship between m and D can be set up:
Assuming that the viscosity at T g is 10 12 Pa s, bearing in mind that η 0 is 10 −5 Pa s, then D can be expressed as:
where 17 is equal to the order of magnitude change from T g to η 0 . It was not possible to make viscosity determinations. Therefore, the determination of m and D from viscosity measurements was not possible, however it was assumed that the activation enthalpy for viscous flow (ΔHη*) is equal to the activation enthalpy for relaxation (ΔH*) (21, 25) . The T g was determined for a sample of glassy roxithromycin using DSC analysis at heating rates of 2, 4, 6, 8, and 10°C min −1 (Fig. 7a ). From this it was possible to calculate ΔH* from the slope of the plot of ln heating rate (ϕ) vs. 1/T g ( Fig. 7b ; Eq. 6), which subsequently enabled the calculation of m and D using Eqs. 3 and 5, respectively (21) .
The ΔH* of the glassy roxithromycin was calculated to be 575±27 kJ mol −1
. Table I provides a summary of the different parameters that describes its fragility. The fragility (m=85.5) and strength parameters (D=9.7) indicate that this is a fragile glass former. These parameters were compared with that of other organic glasses, and it was noticed that the fragility parameters of sucrose has the closest agreement with that of roxithromycin ( Table I ). The reason might be inherent in the number of monosaccharides in each of these molecules since sucrose is a disaccharide and roxithromycin also contains two sugar molecules (D-desosamine and L-cladinose) in its structure ( Fig. 1) (27) . Also, the fragility of amorphous roxithromycin predicted by m and D, agrees with the fragility prediction made on the change in ΔCp at T g . It should be noticed that, even though it is a fragile glass, amorphous roxithromycin has a T 0 of 8.5°C and would thus remain fairly stable at room temperature or when stored in a refrigerator.
The Effect of Moisture on Amorphous Roxithromycin
The T g of a solid determines its physical-chemical and viscoelastic properties, and any change in the T g will thus also influence the stability of the solid (29) . An additive can either lower or raise the T g of a substance, and this is referred to as plasticization or antiplasticization respectively (29) . Water (with a T g of −138°C) has a plasticizing effect when it is added to amorphous solids, which increases the possibility of amorphous-crystal transformations (29, 30) . When an amorphous to crystalline transformation occurs in the presence of moisture, the water sorption capacity decreases or slows down (31) . Vapor sorption and calorimetric studies were subsequently performed on the glassy solid of roxithromycin in order to determine the effect of moisture on its stability and how it affects the T g of this solid.
The results of the vapor sorption experiments of the glassy solid and the crystalline raw material are shown in Fig. 8a, b , respectively. According to the moisture isotherm, the amorphous solid showed an insignificant increase in weight (approximately 1.5%) up to 60% RH. The sharp increase in weight up to 4% from 70 to 90% RH is attributed to condensation of water on the sample holder. When the humidity was decreased from 90 to 0% RH, the sample showed a weight loss of 4% and returned to its starting weight. Thus, an increased humidity did not change the solid-state properties of the amorphous form since there is no change in the sorption profile, i.e. it did not transform into a crystalline solid but remained amorphous, and high levels of moisture did not induce crystallization. X-ray diffraction analysis of the sample recovered after vapor sorption confirmed this, since its diffraction pattern was super-imposable on that of roxithromycin glass stored in a desiccator. However, the moisture sorption isotherm forms a hysteresis since adsorption and desorption do not follow the same pattern. The most common cause of hysteresis is the condensation of water in capillaries in porous solids during adsorption, resulting in a slower decline in sample moisture during desorption (32) . Since a glass is not expected to be porous, this explanation would not be valid for explaining the hysteresis seen for amorphous roxithromycin. However, it is noticed that amorphous roxithromycin forms bubbles during preparation, and cracks on its surface at room temperature (Fig. 6c, d) . It is thus possible that during adsorption, water penetrates and condenses in these cavities, resulting in the rate of desorption being different from that of adsorption. The moisture isotherm of the crystalline raw material (monohydrate) shows a sharp increase in weight of approximately 0.8% when the humidity was increased from 0 to 10% RH. Further increasing the humidity up to 90% RH resulted in the weight of the sample increasing by an additional 1.2% up to 2%. Since the adsorption isotherm starts at 0% RH, it is possible that at this low humidity most of the water in the channels in the crystal lattice is removed. As the humidity is increased up to 90% RH, the channels are filled with water again, which would explain the 2% increase in weight (the theoretical moisture content of the monohydrate is 2.11%). When the humidity was decreased to 0% RH again, the sample lost all of the moisture that it took up, indicating that water is not tightly bound in the channels. In addition, since no change in the crystal structure was observed it confirmed the formation of an isomorphic desolvate (10) . This means the crystal structure of the crystalline raw material (monohydrate) shows no transformation with increasing or decreasing moisture.
The effect of water on the amorphous solid was also visually studied (Fig. 6d) . No surface or bulk crystallization was observed under polarized light when amorphous samples were kept at either 50°C; 0% RH or 50°C; 75% RH for 18 days, and the samples thus remained stable. A similar observation was made for amorphous sucrose stored at 25°C; 23% RH for 30 days (33) . This again shows the similarity in properties between amorphous roxithromycin and sucrose.
The interaction between an amorphous solid and water can also be determined calorimetrically. Various relationships between T g and moisture content are described, which were originally described for polymer mixtures (34, 35) . The three relationships that are often used to describe the relationship between T g and moisture are the linear (Eq. 7), GordonTaylor (Eq. 9), and Fox (Eq. 11) equations (29) . The linear equation is written as:
where w is the weight fraction for each component (35) . It should be noticed that the linear equation implies that there is no interaction between the two mixed substances (28) . If the volume fraction (ϕ) is used, instead of the weight fraction, the Eq. 7 becomes:
and since ϕ=[(Δα · w)/ρ], with Δα being the thermal expansivity of T g , w the weight fraction, and ρ the true density of the material, it is possible to write Eq. 9, also known as the Gordon-Taylor equation (29, 36) :
where
If the densities of the two substances are equal, Eq. (9) simplifies to:
which is also known as the Fox equation (29, 37) . However, this relation is more applicable to polymeric systems because of their similar densities compared with the significant differences in densities between low molecular weight organic glasses (28) . Figure 9 shows the change in T g of the roxithromycin amorphous solid with increased water content, predicted using Eqs. 7, 9 (assuming a roxithromycin density of 1.184 g cm −3 , (11)), and 11. It is noticed that the experimental data (open squares in Fig. 9 ) are well distributed around the linear plot (dashed line), compared with the Gordon-Taylor (solid) and Fox (solid/dashed) plots. A linear plot (with r 2 =0.9824) was fitted through these experimental data points, and it was super-imposable on the theoretical linear plot. This suggests that the interaction between amorphous roxithromycin and water, or lack thereof, is best described by the linear equation (Eq. 7), i.e., there was little interaction between these two substances when mixed.
CONCLUSIONS
During this study, an amorphous form of roxithromycin was successfully prepared, both by desolvation of the roxithromycin-chloroform solvate and by fusion and quenching of the crystalline solid. The thermal and X-ray diffraction patterns of these two amorphous solids agreed with each other, indicating that both techniques results in the formation of an amorphous solid with similar properties. It was also shown that the roxithromycin glass can be classified as a fragile glass. The favorable thermal stability at pharmaceutically acceptable storage conditions, chemical stability at ambient temperatures, coupled with the negligible effect that moisture has on the stability of this glass (i.e., it does not induce crystallization even at high humidity), suggests that this amorphous form might be an alternative solid to use in commercially available products containing roxithromycin.
